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ABSTRACT 

T h i s  repor t  presents  an analysis  of t he  methods of sp in  

reduction of a sa te l l i t e  with a disc-like moment of i n e r t i a  

d i s t r ibu t ion .  

s ion  of masses on f l e x i b l e  w i r e s .  

around the  periphery of the  s a t e l l i t e  and are released a t  t he  

poin t  of maximum extension. Phase 2 wires extend r a d i a l l y  

The two methods used reduce sp in  by the  exten- 

Phase 1 w i r e s  unwind f r e e l y  

from the axis of spin and are r e s t r i c t e d  i n  t h e i r  rate of 

t r a v e l  by a braking device. 

from the  S a t e l l i t e  a f t e r  f i n a l  extension. 

Phase 2 w i r e s  are not  disconnected 

ACKNOWLEDGEMENTS 

The author wishes t o  thank M. E. Kuebler f o r  invalu- 

ab le  suggestions and c r i t i c i sm and H. R. Heetderks for  

ca lcu la t ions  and curves. 

ii 



September 12, 1960 

S P I N  REDUCTION FOR ION 
PROBE SATELLITE S-30 (19D) 

by 
D u a n e  N o  C o u n t e r  

M?@l -M-G&C - 5 -60 

ELECTRO-MECHANICAL ENGINEERING BRANCH 
GUIDANCE AND CONTROL D I V I S I O N  

A r r a n g e d  and Processed 

PUBLICATIONS ENGINEERING SECTION 
SPACE SYSTEMS INFORMATION B U N C H  

by 



TABLE OF CONTENTS 

S e C T I O N  Page 

I. PRELIMINARY DESIGN CONSIDERATIONS. .... . . . . . . . . . 1 

11. S P I N  REDUCTION PDR S-30(19-D). ., . . . . . . . . . . . 1 
. 

111. ANALYSIS O F  FIRST PHASE DESIGN . . . . . . . . . . . . . . 3 

IV.  ANALYSIS O F  SECOND PHASE DESIGN. . . . . . . . . . . . 5 

V. A P P E N D I X . .  . . . . . . . . . . . . . . . . . D . .  . . . 7 * 

LIST OF ILLUSTRATIONS 

Figure 

1, STRING LENGTH VS RATIO O F  HOkIWT OF INEBTIA TO EXTENDED MASS 
FOR VARIOUS S P I N  REDUCTION RATIOS, FIRST PHASE SFlIN REDUCTION 11 

2. STRING LENGTH VS RATIO OF "T OF INERTIA TO EXTENDED MASS 
FOR VARIOUS S P I N  REDUCTION RATIOS, SECOND PHASE S P I N  
REDUCTION..  . . . . . . . . . . . . . . . . . . . . . . . 13 

3. MAXIMUM WIRE FORCE, SECOND PHASE S P I N  REDUCTION, . . . . 15 

4 .  W I R E  IQRCE AND ANGULAR VELOCITY VS TIME AFIXR RELEASE, 
F I R S T P H A S E . .  . . . . . . . . . . . . . o . .  . . . . . . . 17 

5. WIRE FORCE AND ANGULAR VELOCITY VS WIRE LENGTH, SECOND 
PHASE............................ 18 

6. VELOCITYDIAGRAM, PHASEONE. . . . . . . . . . . . . . ., 19 

7. SPACE F I X E D  DIAGRAM, PHASE ONE. . . . . . . . . . . . . . 19 

8. THE GEOMETRY DURING THE SECOND PHASE S P I N  REDUCTION. . . . . 20 

iii 



NOMENCLATURE 

UNITS 

d i n  

I i n  l b  sec2 

m l b  sec2in” 

m 2  l b  sec2in-’ 

n 

r i n  

R i n  

Si l b  

Sa lb 

U, i n  sec-2 

v i n  sec-’ 

vu i n  sec-’ 

X,Y i n  

a 

Y 

e 

P i n  

i v  

f i r s t  phase w i r e  

mass moment of i n e r t i a  of s a t e l l i t e  
without t he  sp in  reduction mass 

t o t a l  o f  n sp in  reduction masses. 
Refers t o  e i t h e r  f i r s t  o r  second 
phase. 

mass of  the  f i r s t  phase wire 

number of  Wires 

second phase wire  length 

ex terna l  rad ius  of s a t e l l i t e  

force i n  the  wire,  f i r s t  phase 

force i n  t h e  wire, second phase 

acce lera t ion  of  the  f i r s t  phase 
mass i n  the  d i r ec t ion  of  t he  wire 

ve loc i ty  of t he  f i r s t  phase mass 

component of V perpendicular t o  
the  wire 

Cartesian coordinates of one of t he  
f i r s t  phase masses 

angular displacement of the  f i r s t  
phase w i r e  from the  r a d i a l  

angle between phase 1 wire  and a 
tangent t o  surface of s a t e l l i t e  
(Fig. 6 ) .  

angle between phase 1 wire and a 
r a d i a l  l i n e  through the  axis of 
spin and the  mass (Fig. 5) 

displacement vector  of t he  f i r s t  
phase mass from the  spin axis 



W sec- l  

wO sec- l  

w 1  sec- l  

w 2  sec- l  

w3 sec- l  

angular ve loc i ty  of the  s a t e l l i t e  

ve loc i ty  before f i r s t  phase sp in  
reduction 

ve loc i ty  during f i r s t  phase sp in  
reduction when cr: = 90' 

veloc i ty  a t  the  end of t h e  f i r s t  
phase spin reduction and start o f  the  
second phase 

ve loc i ty  a t  the  end of t h e  second 
phase sp in  reduction 

angle between a r a d i a l  l i n e  t o  the  
a t tach ing  point of t he  w i r e  and the  
Y space f ixed axis (Fig. 6 )  

V 



SECTION I. PRELIMINARY DESIGN CDNSIDERATIONS 

Payload S-30 is a satellite with a double cone outside con- 
figuration and a disc-like moment of inertia distribution. 
moment of inertia is about 30 in lb sec2. The satellite is to be 
launched by a JUNO I1 vehicle with the satellite and upper stages 
spinning at 450 rpm. After injection into orbit, the spin must be 
reduced to 25 rpm to meet the requirements of the experiments. 

The spin 

For maximum spin lifetime it is desirable to reduce the spin 
through conservation of angular momentum. 
affixing masses to the extremities of the extendable dipole antenna and 
thus reducing the spin by increasing the mment of inertia. As spin 
reduction from 450 rpm to 25 rpmwould require masses of 5.7 lbs weight 
at an antenna length of ten feet, weight limitations call for the use 
of another method in conjunction with this, thus reducing the spin in 
two phases. 

This can be accomplished by 

The method chosen for the first phase consists of two wires wound 
around the circumference of the satellite in a direction opposite to 
the direction of the spin. Masses are affixed to the free ends and the 
wires are permitted to unwind. 
are released to prevent their winding back up and restoring the spin 
to its initial value. 
reduction with regard to weight saving but has the disadvantage of 
reducing the angular momentum of the satellite and thereby reducing 
its spin life. 

When the wires are fully unwound they 

This method represents an optimization of spin 

SECTIm XI. SPIN REDUCTION F(3EL S-30 

1. Basic Equations 

The angular velocity ratio of the satellite at the end of the 
first phase of spin reduction is expressed by the equation: 

+ R2 _ _  m 
WO + (R+d)* m 

- - -  

This equation can be transformed giving the wire length as a function 
of the spin reduction and the moment of inertia to mass ratio. A 
plot of that transformation is given in Figure 1. 

1 



The wire force fo r  the f i r s t  phase is: 

Using a cross  over between the two phases of 100 rpm, Figure 1 
ind ica t e s  awire  length of 200 inches would be favorable.  Physical 
loca t ion  of sensors along the r i m  of the sa te l l i t e ,  d i c t a t e s  a w i r e  
length of 206.03 inches.  

I 

I 

Using t h i s  value and 30 i n  l b  sec2 for  the 

W bo - 1) (.$+R2) T&, (d + 2 R cos a) 
+ d (d + R cos a) 

- - where & 
wO d + R cos a 

I 2 

The angular ve loc i ty  ra tk9 -of the satel l i te  a t  the maximum extension 
of the weights-during the second phase is: 

which is plo t ted  i n  Figure 2 fo r  the  general  case.  
f o r  the second phase i s :  

The w i r e  force 

The maximum value of S2 is:  

This curve i s  p lo t t ed  for the general case i n  Figure 3. 

2 .  Design, 

From an examination of Figure 1, i t  i s  seen t h a t  as sp in  re- 
duction increases due t o  a change i n  any one of the physical para- 
meters, i t s  accuracy decreases. Also, s ince  the f i r s t  phase throws 
away angular mOmentum, i t  reduces the t o t a l  sp in  l i f e  of the satel l i te .  
It i s ,  therefore ,  des i rab le  t o  minimize the por t ion  of the  spin re- 
duction performed by t h i s  phase. From the standpoint of weight,  
however, it is  des i rab le  t o  maximize the  f i r s t  phase port ion.  



moment of i n e r t i a ,  the  t o t a l  mass required i s  0.150 l b .  Using the  
antenna length of 120 inches for the second phase sp in  reduct ion ,  a 
second phase mass of 2.00 lb .  r e s u l t s .  

SECTION 111. ANALYSIS OF FIRST PHASE DESIGN 

For the  case where a = go", it  i s  dL = - wo and d = q,Rt. Then 
Equations 1 and 2 give wire force and ve loc i ty  as a function of t i m e .  
When a < 90" Equations 8 and 2 give w i r e  fo rce  and v e l o c i t y  as a 
func t ion  of a. I f  i t  i s  assumed tha t  a PV - q-,t + cons tan t ,  t h i s  
da t a  can be converted t o  t i m e  scale.  P l o t s  of these equations are 
given i n  Figure 4. 

1. Ef fec t  of Dis t r ibu ted  Mass 

An ana lys i s  of the e f f e c t  of the  d i s t r i b u t e d  mass of the  w i r e  
on the  sp in  reduction may be made by considering the  i n i t i a l  and f i n a l  
release conditions only. 
ana lys i s  and in t eg ra t ing  the e f f e c t s  along the  w i r e ,  a very s i m i l a r  
equation r e s u l t s .  
than the  mass of the  w i r e  and i f  t he  w i r e  length i s  l a rge r  than the  
r ad ius  of t he  payload, c e r t a i n  small t e r m s  may be neglected giving 
Equation 1 wi th  m equal t o  the sum of the  concentrated mass p lus  one 
t h i r d  the  mass of the  w i r e .  

By making an ana lys i s  similar t o  the  bas ic  

I f  the  mass a t  the  end of t he  w i r e  i s  much l a r g e r  

The e f f e c t  of t he  d i s t r i b u t e d  mass on the  w i r e  fo rce  may be found 
approximately by assuming a l l  ro t a t ion  i s  around the  center of spin.  
The e f f e c t  of the  w i r e  may be found by in t eg ra t ing ,  using a cor rec ted  
- r i l ~ ~  c?f 8ngulat v~lncity in t he  assumption so t h a t  t he  force on the  
concentrated mass is  the cor rec t  one from Equation 2 .  This r e s u l t s  
i n  a force of 

where m2 i s  the mass of the  w i r e  and Si is the  value for  w i r e  force 
found from Equation 2. 

2. E f fec t  of Unsynchronized I n i t i a l  or Fina l  Release 

All previous der iva t ions  have assumed synnnetrical sp in  wi th  
I f  t he  w i r e s  are unwound unsymmetrically, an two or  more w i r e s ,  

equation similar t o  the bas i c  equation may be derived f o r  each w i r e  
using the  w i r e  force der iva t ion  t o  f ind  the  angular acce le ra t ion  of t h e  
body. It w a s  found t h a t ,  while the angle of devia t ion  increases  as the  
w i r e s  unwind, i t s  rate of increase i s  small i f  t h e  i n i t i a l  angle i s  not 
too l a rge .  
i s  to assume each wire has a constant angular v e l o c i t y  r e l a t i v e  t o  the  
payload and equal t o  the angular ve loc i ty  of the  payload a t  the  
i n i t i a l  r e l ease  of the  masses. When the  second mass i s  r e l eased ,  the 
f i r s t  mass has already reduced the sp in  so the  second m a s s  unwinds wi th  

A good approximation for determining the  angle increase  

I 3 



smaller angular ve loc i ty  than the f i r s t .  The difference i n  v e l o c i t i e s  
may be used t o  f ind  the increase i n  the  angle of deviat ion.  
representat ive deviation angles and t h e i r  increases  are 

Some 

I N I T I A L  INCREASE 
30" 0.6" 
90" 5.1" 
180" 20. 0" 

The t i m e  required for  a 30" angle of deviat ion i s  0.011 seconds so the  
normal accuracy of the squibs used for  the i n i t i a l  release should be 
qu i t e  adequate. 

The e f f e c t  of unsynchronized f i n a l  r e l ease  i s  negl ig ib le .  More 
important i s  the e f f e c t  of the f i n a l  release being a t  some angle other  
than perpendicular t o  the surface of the s a t e l l i t e .  
seen from t h e  p l o t  of w i n  Figure 4.  Since the las t  .05 eec contain 
a l l  90°, a small angle deviation will affect only the very las t  of the 
velacity curve. 
Gosine of the deviation angle and i s  eynmetrical. 
8 may be used to find the deviation permierible for a given velocity 
deviation. 

This e f f e c t  can be 

The effect  of the dcviathm goes approximately a8 lminus 
Figure 4 or Equation 

3 .  Effect  of S t re tch  of the Wire-and Temperature Expansion 

The force i n  the w i r e  may be used t o  ca l cu la t e  s t r e t c h  and 
t h a t  i n  turn i n  Equation 1 t o  f ind  a modified spin reduction. For small 
elongations the  change i n  f i n a l  f i r s t  rphase spin is approximately 

A w2 = 1.8 6 rpm where 6 is the  def lec t ion  due t o  the force on the w i r e .  
For a w i r e  diameter of 0.031 in and s t e e l ,  the  ve loc i ty  change is 

A w2 = 0.29 rpm 

The e f f e c t  on spin due t o  a change i n  temperature causing an 
expansion or contract ion of the w i r e  is, for  a 120'F change, 

A w 2  = 1.14 rpm 

4.  Accuracy Requirements for  Moment of I n e r t i a ,  Mass and 
Wire Length 

Equation 1 may be used t o  f ind  the  change i n  w2 with a given 
change i n  I / m  o r  d ,  

The following va r i a t ions  i n  w2 r e s u l t  from the accompanying changes 
i n  I / m .  

I/m w2 
.7% -36 r p m  

2.0% 3 =Pm 
10.0% 20 rpm 

4 



Wire length va r i a t ions  are the  same as the  e f f e c t  of the  s t r e t c h  of the  
w i r e ;  nandy .  

The e f f e c t  of t he  w i r e  force  ac t ing  on the  satell i te under a 
nuta t ion  angle of 20" w a s  investigated and the increase i n  the angle 
of nutat ion w a s  found t o  be less than 3 minutes. 

SECTION IV. ANATiYSIS OF SECOND P M E  DESIGN 

Using Equations 3 and 4, spin reduction and w i r e  force may be 
These a re  p lo t t ed  i n  ca lcu la ted  as a function of the wire length.  

Figure 5. 

1. Effec t  of Dis t r ibu ted  lhss 

By wri t ing  a conservation of momentum equatiori including the  
d i s t r ibu ted  mass of the w i r e ,  the  r e s u l t  i s  Equation 3 with m equal t o  
the  mass at the  end plus  one t h i r d  the  mass of the w i r e .  

The e f f e c t  of the d i s t r ibu ted  mass On the w i r e  force may be 
determined by wr i t i ng  Equation 4 for an element a f  the w i r e  and 
in t eg ra t ing  t o  give Equation 4 where m is the  mass at  the  end plus 
one h a l f  the mass of the  w i r e .  

2. Ef fec t  of S t re tch  of the  Wire 

V s h g  tb force to calculate  the  s t r e t c h  i n  the  w i r e  and the- 
s t r e t ch '  t o  ca l cu la t e  the  change i n  spin reduction; the result is a negl i -  
g ib l e  change i n  spin reduction because of the small f i n a l  spin and f i n a l  force.  

3. Forces Caused by Final  Release of the  Weights 

The weights are allowed t o  f a l l  f r ee  for  the last 1.375 inches 
and the  impact due t o  the f i n a l  stopping of the  movement of the  mass 
r e l a t i v e  t o  the payload causes considerable stress i n  the  second phase 
w i r e .  

By solving for  the  ve loc i ty  of the mass r e l a t i v e  t o  the  payload 
and i n  a d i rec t ion  along the wire ,  the k i n e t i c  energy i n  the  mass t h a t  
has t o  be d iss ipa ted  by impact may be ca lcu la ted .  I n  t h i s  case the  
energy i s  3.49 in Lb for each w e i g h t .  If i t  €8 asstnaed that stress is 
linear with strain and if a wire vlth a glees core of an effective 
diameter of 0.13 in  is w e d ,  the maxinnrm force is 88 lb.  

4. Accuracy Requirements for Moment of I n e r t i a ,  Mass and 
Wire Length 

Equation 3 may be solved for I ,  m or r as a function of sp in  

5 
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and used t o  f ind  the va r i a t ion  for  a given change i n  s i n .  The change 
i n  f i n a l  veloci ty  due t o  a one percent v a r i a t i o n  i n  I K is  0.18 rpm 
and due t o  a one percent change i n  w i r e  length i s  0.33 rpm. 

Sunnning up a l l  the e f f e c t s  a tabula t ion  may be made 

FIRST PHASE 

Element 
I 
m 
IAn 
d 
Temperature 

Variation *w2 2 k 1 i n .  lb. sec 
f 0.001 l b  
2 1% f 1 rpm 
f 0.25 i n  f .45 rpm 
k 120'F k 1.14 rpm 

TUIAL k 2.59 rpm 

SECOND PHASE 

m 
I h  
r 

f 0.013 I b  
f 1% 
f 0.25 i n  

TOTAL 

F i r s t  plus  second 

6 

as follows: 

* .25 rpm 
f .ll rpm 
f .29 rpm 

f -65 rpm 

f 0.18 rpm 
f 0.07 rpm 

f 0.25 rpnl 

f 0.90 rpm 



APPENDIX 

The equations for  t he  f i r s t  phase sp in  reduct ion  may be derived 
In t h i s  by assuming no f r i c t i o n  and uniform unreeling of the w i r e s .  

case, equations for  conservation of angular mmentum and conservation 
of energy may be w r i t t e n .  
i s  conserved, 

Referring t o  Figure 6 s ince  angular momentum 

IW + mp (PW + vu COS e) = o I 
where PIN f Vu cos 8 i s  the  component of the  ve loc i ty  V of the  m a s s  
i n  a d i r e c t i o n  perpendicular t o  the d is tance  vector P o  

By conservation of energy 
r 1 

By t r i g o n m e t r y  from Figure 6 ,  Equations 6 and 7 may be transformed 
and solved for  w t o  give 

1 2  
m -+ R 

- w - -  .. 
% I 2  2 -+ B + 2Rd COS u + d m 

For the  spec ia l  case where 'u = go", w = w 1  

I 
a1 m 

*-:+ m R + d  

-+ R2 - d2 
2 2  

- -  

This i s  the equation used for t he  t i m e  when the  w i r e  i s  unwinding 
tangent t o  the  body and the  w i r e  length d i s  changing. 

When a = 0",  w = 9 

I 2  -+ R 

7 



V 
Also, the t i m e  rate of change of a may be found from u = -A t o  be 

d 

(11) 
(qwn - l)&+ R2) + & 

% 
u/clb (d+ 2R cos a) 

-= 
d ( d + B  cos a) d + B  cos a 

I f  a space f ixed coordinate system i s  drawn as i n  Figure 7 ,  ex- 
pressions may be wr i t t en  for  the displacement of the masses. 

X = -R sin52 + d cos ( y  + a) 
Y = R cos52 + d s i n  (7 + 5 2 )  

These expressions may be d i f f e r e n t i a t e d  twice t o  f ind  the X and Y 
components of acce lera t ion .  
accelerat ion perpendicular t o  and p a r a l l e l  t o  the w i r e  d may be found, 
Obviously, the perpendicular component i s  zero and the p a r a l l e l  
component w i l l  give the force i n  the w i r e .  

With trigonometry, the components of 

The pa ra l l e l  component is :  

Gs = - R W  2 COS a - RCj s i n  a - d(w - &) 2 

m * -  

n The wire force i s  then: SI = --Us where n i s  the number of wires ,  
t h w  

1 SI =- I [ T 2 c o s  a + d(w - ciJ2 
I+ R2sin2 a 

The second phase spin reduction equations may be derived by conservation 
of angular momentum, (see Ffgure 8) 

,-&-lIw + m(R+ r ) 2  w = 0 J 
which gives: 

The w i r e  force i n  the second phase i s  

m 
n ~2 =-a* (R + r) 

8 



If 14 i s  differentiated withrespect to  r and equated to zero, the 
maximum value of w i r e  force w i l l  result. 

9 s2 max = 16 - w22 

m 3 

i s  the distance at which this  occurs. 

9 
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